Function of the cyanide-sensitive mitochondrial electron transport system was required for germination of the Zea mays embryo. Respiration of the standard electron transport system (rather than the altemate oxidase) began immediately upon initiation of imbibition. This respiration depended upon cytochrome c oxidase and ATPase that were conserved in an active form in the quiescent embryo rather than upon newly synthesized or assembled enzyme complexes. Immunoprecipitation of radiolabeled subunits of these enzymes showed that the initiation of mitochondrial biogenetic activities, including de novo synthesis of nuclear-and mitochondrial-encoded enzyme subunit peptides, was strongly induced after 6 hours of embryo germination. Undetectable or very low levels of transcripts for subunits 1 and 2 of the F1-ATPase and subunit 2 of cytochrome c oxidase were present in the quiescent embryo; these transcripts accumulated rapidly between 6 and 12 hours of germination and their translation products were rapidly synthesized between 6 and 24 hours. An exception was the gene for subunit 9 of the ATPase; transcripts of this mitochondrial gene were abundant in the dry embryo and rapidly accumulated further upon initiation of imbibition; they were translated actively during the first 6 hours. We isolated and sequenced a near full-length cDNA for subunit 2 (beta) of the F1-ATPase, and we compared the deduced protein sequence with related sequences of other organisms.
Plant seed germination involves initiation of numerous metabolic activities, and one of the most prominent of these activities is a rapid acceleration in oxygen consumption and respiratory activity. For most plant seeds, including the kernels of maize (Zea mays L.), little is known about regulation of the respiratory activities or biogenesis of mitochondria during germination. Ultrastructural analysis indicates that quiescent seed tissues contain poorly differentiated mitochondria which, upon imbibition, become enlarged and elaborate a more complex inner membrane structure (20) . An increase in the number of mitochondria per cell has been observed in germinating seed tissues (19, 20) . The mitochondrial respiratory membrane contains enzyme complexes whose subunit peptides are products of both nuclear and mitochondrial genomes and two separate cellular protein synthesis systems. ' This research was supported by grants from the McKnight Foundation, the U.S. Department of Agriculture Competitive Research Grants Office (85-CRCR- , and the National Institute of General Medical Sciences (GM-19398 ).
An improved understanding of mitochondrial biogenesis in germinating plant seeds and of regulation of mitochondrial respiration requires more information about the coordinate activities of these two genetic systems early in seed germination.
In the present study we attempted to answer several questions about mitochondrial function and biogenesis during germination of the excised dormant embryo of maize. We asked if the mitochondrial electron transport system was required for embryo germination and whether its activity depended upon components conserved intact in quiescent cells or whether it depended upon newly synthesized or assembled respiratory enzyme complexes. We employed specific immunoprecipitation of radiolabeled subunits of mitochondrial enzymes and Northern blot analysis of embryo RNA to measure the initiation of mitochondrial biogenetic activities during the early phases of embryo germination. We established that resumption of respiratory activity depends upon a respiratory system conserved in the dormant embryo tissues in an apparently active form. De novo nuclear and mitochondrial gene transcription, as well as mRNA translation, for most enzyme subunit peptides we examined is initiated within about the first 12 h of embryo germination. Resumption of mitochondrial biogenesis appears not to depend upon conserved transcripts and their early translation in the germinating embryo, but in at least one case the conserved transcripLs and rapid accumulation of new transcripts contribute to an unusually early and strong expression of a mitochondrial gene for an ATPase subunit.
MATERIALS AND METHODS Plant Material
Maize (Zea mays L.) kernels of the pure inbred line A188 were used. Embryos and embryo tissues were dissected manually from dry mature seeds; contaminating endosperm or scutellum tissue was trimmed away with a scalpel.
Oxygen Uptake Rate Determinations
Oxygen consumption was measured polarographically as previously described (3) with the oxygen electrodes calibrated in air-saturated distilled water at 30°C. Full-scale deflection corresponded to a concentration of 5.0 ,qL of oxygen per mL of water (at 30°C). The suspensions containing the maize embryos and embryo tissues were subjected to continuous stirring during the recording of oxygen consumption, and between consecutive measurements the embryos were held in air-saturated water.
Preparation of Mitochondria
To obtain mitochondrial fractions for enzyme activity assays and immunoprecipitation experiments, embryos were chilled at 0°C, chopped into small pieces (1 to 2 mm diameter), and ground to a paste in extraction buffer (0.5 M mannitol, mm (3, 23) . Preparation of antisera to the Neurospora mitochondrial ATPase subunit 9 proteolipid was described elsewhere (27) . Our earlier studies (unpublished data) showed that the ATPase complex could be precipitated either by antiserum to the entire enzyme complex or to the subunit 9 peptide. Enzyme complexes were immunoprecipitated from mitochondrial fractions as previously described (3) . The washed immunoprecipitates were incubated in an electrophoresis buffer containing SDS and 2-mercaptoethanol for 1 h at room temperature and then for 12 to 16 h at 4°C and electrophoresed through 12 .5% polyacrylamide-0. 1% SDS gels (3). The gels were treated with EnHance brand autoradiography enhancer (DuPont-NEN) before they were dried and fluorographed.
Library Screening
Colony blots of a size-selected cDNA library constructed from mRNA extracted from Black Mexican maize suspension cells (provided by John Hunsperger) were screened with insert DNA from a Nicotiana plumbaginifolia cDNA encoding mitochondrial ATPase subunit 2 (2). Hybridizations were carried out for 20 to 24 h at 500C in 5x SSPE, 2x Denhardt's solution, 100 gg/mL salmon sperm DNA, and 0.1% SDS. After hybridization the filters were washed twice in 2x SSC with 0.1% SDS at room temperature and twice in 0.1 x SSC with 0.1% SDS at 500C for 30 min intervals.
DNA Sequence Analysis
A 2.1 kb EcoRI fragment containing the maize ATPase 2 cDNA was subcloned into pGEM4Z in both orientations. Two series of overlapping deletions were made (12) . Doublestranded template DNA was sequenced using the dideoxynucleotide chain termination method as modified for the incorporation of [35S]dATP (1).
RNA Extraction and Northern Blot Analysis
Total RNA was extracted from groups of 10 embryos by differential precipitation from LiCl. Embryos were frozen and ground in a mortar and pestle in the presence of liquid N2.
The embryo powder was then extracted in a guanidine-HCl buffer (8 M guanidine-Cl, 50 mM Tris-HCl [pH 7.6], 1 mM EDTA, 8% v/v 2-mercaptoethanol, 0.5% sodium sarcosyl). The embryo extract in guanidine-HCl buffer was incubated for 10 min at room temperature and the cellular debris removed by centrifugation at 16,000gav for 10 min at 4°C. The RNA was recovered from the resulting supernatant by LiCl precipitation.
Total RNA (10 ug/lane) was electrophoresed in 20 mm Hepes (pH 7.8) and 1 mm EDTA through a 1.2% agarose-6% formaldehyde gel and transferred to a Nytran membrane (S&S). Prehybridization (4 h ) and hybridization (20-24 h) were carried out at 42°C in a 50% formamide buffer. The blot was hybridized with 2 to 5 x 106 cpm/mL of labeled probe DNA (> I09 cpm/hsg DNA in 10 mL) and, after hybridization, was washed as described above. Between hybridizations the probe DNA was stripped from the membrane according to the manufacturer's instructions and the membrane was confirmed to be free of radioactivity by autoradiography.
RESULTS

Maize Embryo Germination and Oxygen Uptake
A prominent characteristic of germinating plant seeds is a rapid acceleration of oxygen uptake (22) . This respiration could be due to activity ofthe Cyt-mediated electron transport chain or to the activity of a cyanide-insensitive alternate oxidase system that has sometimes been observed to function during seed germination and other stages of plant development (17) . Germination of certain plant seeds and embryos is not inhibited by cyanide, and it may even stimulate their respiration rate (6, 29) . The essentiality of the Cyt-mediated respiratory pathway to maize embryo germination is, however, unknown.
To determine if the function of the Cyt-mediated pathway is required for maize embryo germination, we incubated two groups of embryos (of 10 dry embryos each) in chambers with water or with 10 mm NaCN, an inhibitor of the terminal electron carrier, Cyt c oxidase. By 48 h all of the untreated embryos had germinated (with both radicle and coleoptile protrusion) while none of the cyanide-treated embryos showed any evidence of either radicle or coleoptile expansion.
We measured oxygen consumption rates ofembryos during early germination to determine the proportion of respiration contributed by the Cyt-mediated system. Oxygen uptake was recorded for 10 min at 30 min intervals during the initial 6 h of imbibition, and those embryos treated with cyanide were maintained in the inhibitor throughout this period. Intact embryos exhibited detectable oxygen uptake after 17 min of imbibition (Fig. 1A) . This oxygen consumption increased through the first 30 min of imbibition and continued to accelerate during the remainder of the experiment. The cyanide-insensitive component of this respiration, however, increased from 14% at 30 min to 34% at 6 h. Supplementation of the embryo incubation medium with additional cyanide at 3 h had no effect on oxygen consumption, indicating that the increase in cyanide insensitivity over time was not due to volatile loss of the inhibitor.
Results of these experiments indicated that embryo germination and respiration must be dependent on a functional Cyt-mediated respiratory pathway, and we next determined if respiration of the embryo axes was comparably sensitive to cyanide inhibition. These axes (excised from the dry embryo) were even more active in respiration than the intact embryos, with a rapid oxygen uptake recorded at 8 min of imbibition and much more rapid rates of respiration observed through the first 360 min of imbibition and germination (Fig. 1B) . Furthermore, the respiration of these imbibing axes was 98% cyanide sensitive, indicating that this respiratory activity is a product of the standard Cyt-mediated electron transport chain.
Mitochondrial Enzyme Activity in Quiescent Embryos
The rapid onset of cyanide-sensitive oxygen consumption that we recorded within the first minutes of imbibition suggested that the quiescent maize embryos retain potentially functional peptide subunits and cofactor components of the Cyt c oxidase and that respiratory activity in these embryos does not depend first upon biosynthesis of components of the respiratory membrane. Cyt c oxidase could be present in the quiescent embryo as intact enzyme complexes requiring only imbibition to become catalytically active or as free subunit polypeptides which during imbibition are rapidly assembled into the mitochondrial respiratory membrane to yield a functional enzyme. To distinguish between these two possibilities we performed enzyme activity assays using mitochondrial fractions from unimbibed, quiescent (0 h) embryos and from embryos imbibed for 6 h. If quiescent embryos contain intact complexes of the Cyt c oxidase, then mitochondrial fractions recovered from 0 h embryos should be capable of a cyanidesensitive oxidation of Cyt c. Alternatively, if initial oxygen uptake is due to assembly of new complexes from preexisting subunits, the 0 h embryos should exhibit little or no enzyme activity. As shown in Table I Mitochondrial fractions from quiescent and germinating embryos also were assayed for the presence of oligomycinsensitive ATPase activity. The results in Table II show that unimbibed, quiescent embryos contained mitochondrial ATPase activity. This catalytic activity increased approximately fourfold during the first 2 h of germination and subsequently decreased during the next 4 h of incubation. Detection of this ATPase activity, which was sensitive to oligomycin, demonstrates that this additional catalytic component of the mitochondrial respiratory system also is assembled into the mitochondria of quiescent embryos in an apparently functional form.
Biosynthesis of Subunit Peptides of Mitochondrial Enzymes
To determine when during embryo germination mitochondrial biogenesis was initiated, we wished to establish the timing of synthesis and assembly of nuclear and mitochondrially encoded subunits of mitochondrial membrane enzymes Cyt c oxidase and ATPase. Germinating maize embryos were pulse labeled with [35S]methionine at 0 to 2 h, 4 to 6 h, and 18 to 24 h, and subunit peptides were recovered from mitochondrial fractions by immunoprecipitation with antisera raised against the purified homologous enzymes or enzyme subunits ofNeurospora (3, 27) . The immunoprecipitates were electrophoresed through 12.5% polyacrylamide slab gels and analyzed by fluorography. Several labeled proteins are seen in the samples immunoprecipitated with antisera raised to the dissociated Neurospora Cyt c oxidase. Three of the larger proteins (49, 34, and 26 kD) recovered from the sample labeled between 18 and 24 h of germination (Fig. 2, lane 3) correspond approximately in size to the three Cyt c oxidase subunits known to be synthesized in maize mitochondria (8, 14, 18) . Four polypeptides of lower molecular mass, 18.5, 16, 12.5, and 9 kD, were also detected. These four proteins, which closely resemble the mobility ofauthentic subunits ofpurified enzyme from Neurospora (3), we tentatively identify as the nuclear encoded subunits of the maize Cyt c oxidase. These four subunits were synthesized during the first 2 h of germination. The mitochondrially encoded subunits, however, were more strongly synthesized after 4 h of germination. This low level of incorporation is not due to inadequate uptake of the radiolabeled amino acid precursor into mitochondria, since mitochondrially synthesized subunits of the ATPase are detectable in the same samples (see below). For analysis of the ATPase, samples were immunoprecipitated with antisera raised to subunit 9 of the mitochondrial ATPase of Neurospora (27) which can be used to immunoprecipitate the entire ATPase holoenzyme complex from mitochondrial fractions of either Neurospora or maize (Fig. 3) . The immunoprecipitates we obtained from maize contained about a dozen peptides, most or all of which we believe are subunits of this enzyme, because they resemble the subunit composition of the enzyme purified from maize by biochemical techniques (I1). Preimmune sera precipitated none of these peptides (data not shown). As with mitochondrial ATPases of other organisms, the exact subunit composition and stoichiometry of this enzyme remain to be determined (10) . Surprisingly, the pattern ofaccumulation oflabeled ATPase subunits showed no similarity to that of the Cyt c oxidase. Mitochondrial subunit biosynthesis, as exemplified by the subunit 9, began early in embryo germination during the first 2 h of incubation (Fig. 3, lane 1) . Two other ATPase peptides of mitochondrial origin, subunits 1 and 6, accumulated rapidly between 4 and 6 h (lane 2). The timing of synthesis of ATPase subunits encoded in the nucleus also varied among the subunits. The two largest of these, subunits 2 and 3 of 56 and 35 kD, respectively, accumulated most rapidly during the 18.4_ 14 .35 U-6.2_, -9 18 to 24 h pulse-labeling interval (lane 3). Individual subunits of the ATPase differentially incorporated radiolabel during the different intervals ofthis experiment, whereas the subunits of the Cyt c oxidase accumulated in a more uniform fashion. For example, the mitochondrially synthesized proteolipid subunit 9 was intensely labeled during the first 2 h ofgermination (Fig. 3, lane 1) , but was less strongly labeled during the later intervals, possibly because of a more rapid turn-over of this individual subunit peptide.
Isolation of cDNA Encoding the ATPase Subunit 2 Peptide
We employed homologous maize DNA probes to measure accumulation of transcripts of nuclear and mitochondrial genes for subunit peptides of mitochondrial enzymes. To prepare a representative hybridization probe for a nuclear gene for a subunit of the maize mitochondrial ATPase, we isolated a cDNA clone for the nuclear-encoded F,-ATPase subunit 2. We probed a Northern blot of total maize RNA with insert DNA from a cDNA clone of Nicotiana plumbaginifolia subunit 2 (2). Under conditions of low stringency, we were able to detect a single hybridizing RNA (Fig. 4) , encoding a protein containing 553 amino acid residues with a predicted molecular mass of 59 kD. This predicted molecular mass is slightly larger than the apparent molecular mass of the mature peptide as estimated by SDS-PAGE (11) . Because the ATPase subunit 2 polypeptide is synthesized in the cytoplasm, it likely is synthesized as a larger precursor with a presequence for mitochondrial targeting and localization. Examination of the predicted sequence of the NH2-terminus reveals that it is rich in basic amino acid residues and serines, but it is deficient in acidic amino acid residues, a pattern typical ofmitochondrially targeted proteins (25) . An analysis ofthe predicted peptide product ofthe maize atp2 cDNA sequence, which shows a very strong relatedness to the Nicotiana sequence, is presented below (see "Discussion"). (8), (Fig. 5A) and deemnein atpl. the mitochondrially encoded subunit 1 of the ATPase reuedfre (4) (Fig. 5B) mitochondria and mitochondrial activity during imbibition is dependent on de novo protein synthesis (20) . Our analyses ofthe contribution of transcript accumulation and mRNA translation to biogenesis of mitochondria in germinating maize embryos indicated that these activities generally become strong after 6 h of embryo germination. Very low levels of transcripts for atp2 (nuclear), atpl (mitochondrial), and cox2 (mitochondrial) were present in the dormant, unimbibed maize embryos. Correspondingly, there was little if any synthesis and/or assembly of the subunit peptide products of these genes during these early intervals of germination (0-2 h). The significance of this observation, if these three genes are representative, is that resumption of mitochondrial biogenesis in germinating maize embryos probably depends upon de novo gene transcription. For these three genes, an increase in the quantity of protein produced during the next measurement intervals (4-6 h and 12-18 h) generally paralleled the increase in the corresponding transcripts for these genes. A striking and unexplained exception to this pattern lies with the mitochondrial atp9 transcripts and subAnalysis of the Structure of ATPase Subunit 2
The ATPase is installed in the inner membrane of the mitochondrion, with the F. sector protruding into the matrix compartment and the F0 sector embedded in the inner membrane where it forms a proton-translocating channel. Of approximately nine distinct subunits of this enzyme, depending upon the organism, two or three of them are products of the mitochondrial genetic system and the remainder are products of the nuclear genome (27) . The F. sector possesses the catalytic site for the hydrolysis of ATP or, when assembled in the membrane with the Fo sector, for phosphorylation of ADP. Of five different subunits present in the F. sector, subunit 2 (beta) is thought to be the most conserved in its amino acid sequence (21) , and it is this subunit which contains the catalytic sites that bind adenine nucleotides and Mg2+.
As a first step toward study of coordinate regulation of nuclear and mitochondrial gene expression, as manifested by the assembly of the mitochondrial ATPase, we isolated a maize cDNA sequence for a nuclear-coded subunit 2 peptide of the ATPase. This nuclear gene from maize provides a nuclear complement to the mitochondrial genes for subunits 1 and 9 of the maize ATPase that have been isolated in other laboratories (4, 5) . Our examination of the nucleotide sequence showed that this near full-length cDNA (Fig. 4) encodes a protein containing 553 amino acids with a predicted molecular mass of 59 kD. This molecular mass is larger than the 56 kD apparent molecular mass of the mature peptide, estimated by SDS-PAGE ( Fig. 3; ref. 1 ). Since the ATPase subunit 2 is a nuclear encoded protein, synthesized in the 20 40 60 80 (24) . If the NH2-terminal end of this maize ATPase subunit 2 peptide does contain a cleavable presequence, the site of this cleavage remains to be identified experimentally. In the yeast F, subunit 2, the only cysteine residue in the entire primary peptide is located at position 72 (in our present numbering system in Fig. 6 or residue 11 in the yeast precursor peptide), close to the site proposed for cleavage of the precursor by a matrix localized metalloprotease (24) . Although our examination of the maize and Nicotiana sequences identified a cysteine residue at residue 86, too little information is available to identify a region of the putative precursor peptide sequence as the site ofcleavage. The one other cysteine residue in each of the plant proteins (at position 289) could not be involved in this translocation-related cleavage step.
A comparison of the overall sequences of the maize and Nicotiana mitochondrial ATPase subunits reveals a high degree of homology (Fig. 6) . The amino acid sequences of the entire peptides have 88% identity. The majority of the differences between the maize and Nicotiana proteins are found in their amino termini, and this region probably encompasses the presequence that would be cleaved upon translocation and assembly into the mitochondria. The maize amino acid sequence between residues 70 to 553 and the matched Nicotiana sequence show an especially strong 96.5% identity. The maize protein sequence was also compared with other F,-ATPase subunit 2 proteins (Fig. 6) . The yeast protein (24) exhibits a high level of identity with the maize protein (74%) which is increased to 78% when the comparison is made between maize amino acids 83 to 553 and the counterpart yeast amino acid sequence. The maize protein also shows a 75% identity to the ATPase subunit 2 protein found in bovine mitochondria (21) , a 64% identity to that of maize chloroplasts (16) and a 67% level of identity to ATPase of the Escherichia coli plasma membrane (15 We note also another sequence, within both the maize and Nicotiana peptides that conforms to a binding site consensus sequence, (65)G-X-X-X-X-G-K-X, implicated in ATP binding by a variety of proteins involved in ATP hydrolysis (13) . These sites are surprisingly close to the NH2-termini of these plant peptides, and it would be useful to determine if these sequences are located within or near the cleaved portion of the subunit precursor. An additional, related site is repeated within six amino acid residues in the Nicotiana peptide. There is not a comparable sequence in this region of the yeast peptide.
